Profiling airborne radar data and accompanying large-eddy-simulation (LES) modeling are used to examine the impact of ground-based glaciogenic seeding on cloud and precipitation in a shallow stratiform orographic winter storm. This storm occurred on 18 February 2009 over a mountain in Wyoming. The numerical simulations use the Weather Research and Forecasting (WRF) Model in LES mode with horizontal grid spacings of 300 and 100 m in a domain covering the entire mountain range, and a glaciogenic seeding parameterization coupled with the Thompson microphysics scheme. A series of non-LES simulations at 900-m resolution, each with different initial/ boundary conditions, is validated against sounding, cloud, and precipitation data. The LES runs then are driven by the most representative 900-m non-LES simulation. The 100-m LES results compare reasonably well to the vertical-plane radar data. The modeled vertical-motion field reveals a turbulent boundary layer and gravity waves above this layer, as observed. The storm structure also validates well, but the model storm thins and weakens more rapidly than is observed. Radar reflectivity frequency-by-altitude diagrams suggest a positive seeding effect, but time-and space-matched model reflectivity diagrams only confirm this in a relative sense, in comparison with the trend in the control region upwind of seeding generators, and not in an absolute sense. A model sensitivity run shows that in this case natural storm weakening dwarfs the seeding effect, which does enhance snow mass and snowfall. Since the kinematic and microphysical structure of the storm is simulated well, future Part II of this study will examine how glaciogenic seeding impacts clouds and precipitation processes within the LES.
Introduction
The main motivation for advertent weather modification remains precipitation augmentation. By 2025, an estimated 3 billion people will be subject to severe water shortages (Black and King 2009) . Glaciogenic cloud seeding started in the mid-1940s when scientists at General Electric Research Laboratory demonstrated * The National Center for Atmospheric Research is sponsored by the National Science Foundation.
that dry ice and silver iodide (AgI), which have a similar crystal structure to ice, could initiate ice in a laboratory supercooled liquid cloud. When dry ice pellets or AgI nuclei were released from an aircraft into supercooled stratus clouds, the affected cloud rapidly cleared (Schaefer 1946; Vonnegut 1947) , although no in situ or remote sensing probes were available back then to prove the interpretation that ice crystals formed and consumed the available liquid water.
Nevertheless, weather modification programs mushroomed following this discovery, and by 1951 cloud seeding was conducted in about 30 countries. The impact of cloud seeding typically was assessed by comparing precipitation in a pre-seeded period or a nearby control area to that in the treated period or area (e.g., Bruintjes 1999) . Such experiments have been hindered by the overwhelming ''noise'' of precipitation, that is, the natural variability at fine temporal and spatial scales (Garstang et al. 2005) . In view of the difficulty to demonstrate efficacy, the National Research Council recommended in several reports that the evaluation of the experiments must be carefully designed, conducted, and analyzed (National Research Council 2003) . Aside from large randomized experiments with a strong statistical basis, physically based experiments were encouraged to improve our understanding of the changes in cloud microphysical and dynamical processes resulting from cloud seeding. This was the main motivation of the AgI Seeding Cloud Impact Investigation (ASCII) campaign, conducted over the mountains of southeast Wyoming in 2012 (Geerts et al. 2013) in the context of the 2007-14 Wyoming Weather Modification Pilot Project (WWMPP), a randomized dual-mountain experiment ). The present paper analyzes a 2009 pre-ASCII case.
Numerical simulations of cloud seeding have the advantage that the weather can be repeated with and without seeding; that is, the seeding can be treated as a model sensitivity experiment. The first dynamic, 2D numerical simulations of convective clouds originated in the 1960s (Ogura 1963; Orville 1965) . Clouds and precipitation were bulk parameterized, with originally two and later four species of water plus water vapor. Bin models have been developed as well (Young 1974 ), but since they are computationally expensive, they tend to simplify the dynamics. Simple cloud models have been adapted to simulate the impact of glaciogenic (e.g., Simpson and Wiggert 1971) and hygroscopic (e.g., Klazura and Todd 1978) seeding. With dramatic advances in computational power, the representation of aerosol and cloud processes in models now enables a more realistic simulation of the cloud seeding process. Recently Xue et al. (2013a,b) developed an AgI cloud seeding ice initiation parameterization for use in the Thompson microphysics scheme (Thompson et al. 2008) in the Weather Research and Forecasting (WRF; Skamarock et al. 2008) Model. The Thompson microphysics scheme has been proven to be a superior scheme for wintertime precipitation forecasting (Liu et al. 2011; Rasmussen et al. 2011) . Xue et al. (2014) show that the dispersal of AgI nuclei released from the ground over complex terrain validates well, at least in one dry case.
Observational seeding impact studies have been plagued by their inability to answer two questions. First, what is the magnitude of seeding-induced changes in comparison with natural precipitation variability, which can be large even in a rather steady storm? Second, are the observed changes in a nearby control (untreated) area really representative of natural changes in the target (treated) area? These are questions that can only be answered by a realistic numerical simulation. Both will be addressed in this study.
The objectives of this work are to describe the dynamical and cloud structure of a winter storm observed over a mountain in Wyoming, to evaluate the ability of WRF large-eddy simulation (LES) to capture this structure, to examine changes in low-level reflectivity in this storm both upstream and downstream of the AgI generators, and to evaluate the ability of this WRF LES with AgI cloud seeding parameterization to reproduce these changes. This is the first part of a two-part study. Section 2 describes the instruments, case selection, and synoptic conditions. Section 3 summarizes the AgI seeding parameterization, the model setup, and the selection of outer domain driver dataset. Section 4 examines observed and modeled storm structure and indicates the AgI seeding impact, and section 5 examines observed and modeled changes in radar reflectivity during seeding in target and control regions. A discussion is provided in section 6, and conclusions follow in section 7. Part II of this work, which is not yet complete, will use a sensitivity study to examine how ground-based AgI seeding impacts cloud microphysical and precipitation processes within the LES.
Instruments and ambient conditions
The case study presented here took place on 18 February 2009 over the Medicine Bow Range in southern Wyoming (Fig. 1) . While the AgI generators were supported by the WWMPP, this case was not one of the WWMPP randomized, mountain-blind seeding cases. Instead, it is one of the seven nonrandomized cases aimed at examining how glaciogenic seeding affects the reflectivity profile in orographic snow storms ).
a. Instruments and flight patterns
The aircraft used in this study is the University of Wyoming King Air (UWKA), equipped with numerous in situ cloud and atmospheric probes, as well as a profiling Doppler millimeter-wave Wyoming Cloud Radar (WCR) . The WCR is the most important model validation instrument in this study, as it documents the vertical structure of reflectivity and hydrometeor vertical velocity over the depth of the storm and down to ;30 m above the ground level. Because AgI nuclei are released at ground level, the verticalplane reflectivity measurements very close to the terrain are important. The WCR affords a resolution high enough to capture a significant fraction of the spectrum of turbulent eddies. The WCR pulse width during this flight was 37.5 m, with range sampling at 15-m intervals. WCR profiles are sampled every 4 m along the flight track, but the along-track resolution degrades somewhat with range as profiles start to overlap because of the antenna beamwidth (0.58 for the nadir beam and 0.88 for the zenith beam). At a typical range of 1 km, the WCR resolution is 10 m in horizontal and 40 m in vertical, which in the horizontal is an order of magnitude better than that of the 100-m WRF LES. The vertical distribution of layers in the WRF LES is such that the average interval in the lowest 1 km is ;50 m, that is, comparable to the radar resolution.
The UWKA flight pattern in the case studied here (1641-2024 UTC 18 February 2009) is shown in Fig. 1 . The UWKA repeated this geographically fixed ''ladder'' (or rather ''lawnmower'') pattern four times at a constant flight level (;4.27 km MSL), each time entering on the downwind side (track 5) and exiting on the upwind side (track 1), to avoid any possible contamination by aircraft-produced ice particles on consecutive flight legs. Each ladder contains five tracks, with track 1 upwind of the AgI generators, that is, track 1 serves as the control track. The other four tracks are the target tracks downwind of the AgI generators. The AgI generators were activated as soon as the UWKA cleared track 2 during ladder 2, in this case at 1809 UTC. Thus we refer to the period of the first two ladder patterns as NOSEED, that is, precipitation was not affected by AgI 2266 seeding. A time window of 30 min was allowed for the AgI nuclei to disperse across the ladder pattern, before the third ladder was flown, again starting at track 5. The mean low-level wind speed and direction obtained from a sounding released at 1800 UTC from Saratoga ( Fig. 1 ) was such that 30 min was sufficient for the AgI nuclei to disperse to track 5 in this case, so data from the entire third and fourth ladder can be considered to fall within the SEED period. All 20 tracks were flown at constant level (;600 m above Medicine Bow Peak) and straight and level to minimize the impact of the horizontal wind on the WCR up-and down-antenna radial velocities. In fact the resulting Doppler velocity is corrected for horizontal wind contamination using flight-level winds, yielding a good estimate of the hydrometeor vertical velocity. More details on the operation of the WCR on this flight can be found in Geerts et al. (2011) . Some measurements were made on the ground during the flight at sites shown in Fig. 1 . A dual-frequency passive microwave radiometer located in Cedar Creek estimated the liquid water path (LWP). The LWP is retrieved from two microwave frequencies (23 and 31 GHz). The retrieval algorithm uses typical surface pressure and profiles of temperature and humidity (Ware et al. 2003) . This algorithm compares rather well with independent measurements (Crewell and Löhnert 2003) . The radiometer was pointed toward the Medicine Bow Range at a grazing angle above the terrain to capture clouds over the mountain rather than over the upwind valley. The precipitation rate was measured at six Environmental Technology, Inc. (ETI), gauges, some closer to the AgI generators than others (Fig. 1) . These are shielded, unheated gauges in which the snowfall is melted in a glycol solution. The measurement uncertainty of these gauges is discussed in Rasmussen et al. (2001) .
b. Case selection
The case on 18 February 2009 was chosen for an indepth analysis for several reasons. First, the WCR echo top, precipitation rate and radiometer LWP were rather steady during the 4-h flight period, as will be shown later. Second, the precipitation was truly orographic and rather shallow (cloud-top temperature ;2248C), although ice was naturally present at all cloud levels and along all tracks, according the WCR reflectivity profiles and 2D particle probes aboard the UWKA. Third, the temperature at the level of the AgI generators was 298 to 2108C, cold enough for extensive activation of AgI nuclei (DeMott 1995) . Fourth, the AgI generators were (just) in cloud, according to the lifting condensation level (LCL) derived from the upwind sounding data and local relative humidity measurements (;90%). Fifth, supercooled liquid water was present at flight level during all four ladder patterns, in agreement with the Cedar Creek radiometer. Sixth, the upstream sounding indicates that the low-level wind direction (;3048) was such that the AgI plumes crossed the four downwind tracks (Fig. 1) . And finally, the upstream Froude number [Fr 5 U/(NH)] was large enough (Fr 5 1.4) for AgI nuclei to be advected into cloud and over the mountain, rather than around the mountain. Here H is the height of the mountaintop above the upwind valley, U is wind speed, and N is the Brunt-Väisälä frequency. The Froude number is calculated using sounding values averaged between the surface and mountaintop level. For N, a combination of dry and moist Brunt-Väisälä frequencies is used. The dry and moist Brunt-Väisälä frequencies were calculated below and above the LCL, respectively.
c. Synoptic condition
The synoptic situation during this case is illustrated in Fig. 2 using the 12-km North American Mesoscale (NAM) operational model output. The 700-mb (1 mb 5 1 hPa) level is chosen as low-level map (Fig. 2a) because it is between the level of the AgI generators and the mountaintop. The target area was under rather steady conditions, far from any front, with a northwesterly wind around 13 m s 21 at 700 mb. A quasi-stationary upper-level trough (vorticity maximum) stretched from Oregon to Colorado (Fig. 2b) , well south of the target area, resulting in weak winds aloft in the target area, and weak subsidence at 500 mb (not shown). Farther east, this trough connected to a mobile frontal trough over the Great Plains. The area of 700-mb cold-air advection associated with this mobile upper-level trough was well to the east of the target area (Fig. 2a) . The target area experiences no significant 700-mb temperature advection (Fig. 2b) , although the Saratoga sounding (shown below) suggests weak geostrophic warm-air advection at low levels.
Model configuration a. Approach and physics choices
This study uses WRF version 3.4.1 (Skamarock et al. 2008) , with a configuration shown in Table 1 . The model was run in non-LES mode using two-way-nested domains with horizontal grid spacings of 2700 and 900 m (Fig. 3) ; the outer domain was driven by the Climate Forecast System Reanalysis (CFSR; https://climatedataguide.ucar. edu/climate-data/climate-forecast-system-reanalysis-cfsr). Then WRF was run in LES mode using other two-waynested domains with horizontal grid spacings of 300 and 100 m, driven by (but not coupled with) the 900-m WRF non-LES run. In other words, there is one-way nesting between the non-LES and LES domains. Mirocha et al. (2014) show that nesting a fine LES domain within a coarser surrounding LES upon which turbulence can begin to develop is superior to nesting the fine LES directly within the mesoscale (non-LES) simulation. The terrain files had a resolution matching the atmospheric grid for each domain. The simulations on the two non-LES domains were spun up for 15 h starting at 0000 UTC 18 February 2009. The LES run started at 1500 UTC, with lateral boundary conditions updated every 30 min from the 900-m non-LES model output. A vertically stretching distribution of 60 eta levels was adopted for all four domains, as in Xue et al. (2010 Xue et al. ( , 2012 Xue et al. ( , 2013a Xue et al. ( ,b, 2014 . Details of the AgI cloud seeding parameterization can be found in Xue et al. (2013a) .
The Mellor-Yamada-Janjic (MYJ) planetary boundary layer (PBL) scheme was used in the non-LES domains based on its good performance in wintertime orographic clouds (Xue et al. 2014 ). The LES runs at 300 and 100 m assume that the resolved turbulent and terrain-driven eddies are responsible for the bulk of the vertical transfer of momentum, heat, water vapor, hydrometeors, and AgI nuclei across the PBL. This is an important assumption, since these eddies are responsible for AgI nuclei mixing from near-ground generators into the cloud layer. The LES run at 300 m captures essential dynamics in complex terrain (Chow et al. 2006; Weigel et al. 2007 ), while the 100-m LES run resolves the most energetic convective eddies (Xue et al. 2014) . The AgI nuclei are released in the first layer in the LES, that is, at ;10 m above ground level (AGL), matching the height of the generators. The AgI nuclei flow rate and size distribution for the generators used in the WWMPP are described in Super et al. (2010) . Xue et al. (2014) compared the vertical dispersion of AgI particles in a 100-m LES run to airborne acoustic ice nucleus counter measurements, for a flight over the Medicine Bow Range on a day without cloud at and below flight level. The AgI generators operated in that case are the same as those used in the present case study. They found that the modeled AgI particle concentrations below the lowest flight level (starting as low as 280 m AGL) were several orders of magnitude higher than those within flight levels, and that at flight levels the LES AgI particle concentrations matched the ice nucleus counter measurements, at least within the range of uncertainty of the instrument.
The 1.5-order subgrid-scale turbulent kinetic energy (SGS TKE) closure model is used in the LES runs (Deardorff 1980; Moeng 1984) . There is no SGS TKE in 900-m non-LES run that drives the LES runs; in fact, the initial SGS TKE and the lateral boundary SGS TKE are zero. Mirocha et al. (2014) have shown that these zero SGS TKE conditions do not significantly impact the inner domain of (idealized) LES simulations once topography or wind/temperature perturbations exist in the FIG. 3 . The WRF domains. Two-way-nested non-LES simulations are run in the 2700-and 900-m-resolution boxes. Model output from the 900-m simulation is then used to drive two-way-nested LES runs in the 300-and 100-m domains. 
domain. The more complex topography and greater perturbations of wind and temperature induced by the heterogeneous land surface types in our LES domains accelerate the SGS TKE generation, compared to idealized simulations (Xue et al. 2014 ). SGS TKE is always a small portion of the total TKE simulated by the model (Xue et al. 2014 ). Indeed, a valid LES simulation, by definition, should resolve the most energetic eddies and only parameterize the unsolved TKE as the SGS TKE.
Since the SGS TKE is always small compared to total TKE, the zero SGS TKE boundary condition will likely not impact the total TKE profile much. We will revisit this issue in Part II. A very short time step of 1/21 s is applied in the 100-m domain to ensure that the LES run remains stable: the abruptly changing topography introduces vigorous upward and downward motions close to the ground, which may lead to a violation of the Courant-Friedrichs-Lewy criterion in the vertical.
b. Selection of outer domain driver dataset
The simulations of this case study focus on the 4-h UWKA flight time period. A simulation over such short time scale is very sensitive to the initial and lateral boundary conditions. A slight error in the timing of a synoptic feature along the boundary of the 2.7-km domain (Fig. 3) or an error in the initial conditions can profoundly impact the simulated weather over Medicine Bow Mountain during the UWKA flight, via the nested 900-m non-LES that drives the LES 300-and 100-m runs. Three different drivers for the WRF non-LES runs were evaluated: the CFSR, the North American Regional Reanalysis (NARR; http://www.emc.ncep.noaa. gov/mmb/rreanl/), and the analysis data from Real-Time Four-Dimensional Data Assimilation system (RT-FDDA; http://www.rap.ucar.edu/technology/model/rtfdda.php) from WWMPP. Of these three, the best dataset to drive the non-LES WRF runs (and, subsequently, the 300-and 100-m LES runs) was selected based on comparisons with a radiosonde sounding from Saratoga ( Fig. 1) , snowfall at several stations, and radiometer LWP.
The comparisons indicate that the NARR is the least accurate initialization with excessive low-level stability, benign orographic clouds, and relatively weak precipitation. Although the CFSR initialization produces a less stable PBL than observed over Saratoga (Fig. 4a) , it has the lowest low-level humidity bias, and its LWP over the Medicine Bow Range validates the best. Also, it is the only reanalysis that captured the dewpoint depression near 450 mb (Fig. 4a) . All three drivers underestimate snowfall over the 4 h of the UWKA flight, as compared with ETI gauge measurements at five sites, with snowfall rate steadily diminishing during this period. The CFSR cumulative snowfall is 36% of the measured amount, while the NARR snowfall is just 19%. Since the CFSR version validates best, it is used to drive the LES inner domains.
Both the 100-and 300-m resolution LES simulations were run with and without AgI seeding, but our analysis focuses on 100-m resolution LES output. The 100-m LES model output is collected at 20-s intervals for all wind components, at 1-min intervals for all hydrometeors, and at 5-min intervals for all other variables to validate the model with UWKA and other data. We refer to the control run (CTRL) and treated run (TRTD) as the simulation with and without the AgI nuclei injection from three point sources at the lowest grid level. The CTRL run covers the entire event from 1500 to 2100 UTC and the TRTD run is from 1800 to 2100 UTC only, with AgI release from 1809 to 2015 UTC corresponding to the actual seeding period. We validate the model by means of CTRL model output during the NOSEED period and TRTD model output during the SEED period, to match the WCR observations during the NOSEED and SEED periods. We also examine the simulated AgI seeding impact by examining the simultaneous difference between TRTD and CTRL during seed period.
Model validation of storm structure a. Ambient conditions
The model soundings at Saratoga are compared to observations in Fig. 4 . The 100-m LES thermodynamic profiles are almost the same as those from the parent 900-m non-LES. But the 100-m LES captures the lowlevel wind veering better because the terrain is represented in more detail and because of direct eddy representation rather than PBL parameterization. The models overestimate the dewpoint by roughly more than 2 K on average below 600 mb, thus the model LCLs remain lower than observed ( Table 2 ). The average wind speed from the surface to the mountain top U exceeds the 900-m non-LES value by about 2.5 m s 21 in both the 300-and 100-m LES runs. Because of the higher mean wind speed and weaker stability, the 300-m LES has a bulk Froude number about twice the observed value. Both LES runs also yield a smaller bulk Richardson number because of weaker static stability and greater wind shear. The very low bulk Ri values in the LES runs suggest the possibility of wave breaking, which did occur in the mountain lee, as discussed below.
b. Vertical transect of storm structure
The UWKA flew an along-wind leg before starting the first ladder pattern (Fig. 1) . The WCR reflectivity (Fig. 5a) indicates that the storm was stratiform, rather weak (peak reflectivity ; 10 dBZ), shallow, and rapidly thinning on the downwind side of the mountain. The WCR hydrometeor vertical velocity (Fig. 5b) flow just east of the hydraulic jump (Fig. 5c ) are consistent with this interpretation. The shear in the hydraulic jump results in strong turbulence further downwind (Fig. 5b) . The along-track wind speed (Fig. 5c ) is derived from WCR dual-Doppler synthesis using the nadir and slant-forward antennas (Damiani and Haimov 2006) . The 100-m-resolution LES reproduces a similar pattern of reflectivity (Fig. 5d ), vertical velocity (Fig. 5e) , and wind along the transect (Fig. 5f ), although there are differences in resolution (discussed in section 2a). The model reflectivity is calculated from hydrometeor concentrations and prescribed size distributions assuming Rayleigh scattering, while scattering of 95-GHz (W band) radiation by large particles is in the Mie region, so the WCR reflectivity values are less than the model values. The reflectivity pattern is similar, with most snowfall occurring on the upwind side of the mountain. The model echo top starts to subside well upwind of the crest, and the snow layer in the lee is shallower and tapers off more quickly, without being lofted in a hydraulic jump. The simulated vertical velocity and isentropes (Fig. 5e ) reveal vertically propagating waves similar to those observed. The two main differences are that the model does not fully resolve the PBL turbulence in the lowest 0.5-1.0 km (which may explain the thinner snow layer in the lee), and that the hydraulic jump is further downwind (;20 km from the crest) and stronger, with a peak updraft of 9 m s
21
. The isentropes (Figs. 5e,f) suggest that there may be multiple minor hydraulic jumps and breaking waves in the lee at various elevations.
The WRF LES captures the flow acceleration across the crest into the lee (Fig. 5f ), but the peak winds are about 10 m s 21 less than observed, and the strong winds spread further downwind, consistent with the leeward displacement of the main hydraulic jump. The overall lee subsidence and associated warming are somewhat overestimated by the WRF LES, at least at flight level, as the lee warming is stronger than observed (Fig. 5g) .
The model also has a slight warm bias at this level, consistent with the Saratoga sounding (Fig. 4) . Note that the temperature sensor aboard the UWKA, a reverse flow thermometer, has been corrected for evaporative cooling following Wang and Geerts (2009 We compare the model potential temperature u at flight level to that observed for ladder 4 in Fig. 6 . The model data were interpolated to a constant height above mean sea level (MSL) corresponding to the average flight level for this ladder. The model output is valid at a time close to the average time of ladder 4. The 100-m LES model has a warm bias at this level, as mentioned before. At this time significant warming occurs at this level in the southeast (lee) side of the mountain, as at the time of the along-wind transect (Fig. 5g) . The finescale pattern of lee warming is quite transient. This warming is due to lee subsidence (Fig. 7) . The location of the main hydraulic jump is evident as a sudden transition from warm to much colder air, an ;5-K difference over a few 100 m. Dramatic local temperature variations in some areas in the lee suggest wave breaking in progress. Most of the UWKA ladder pattern is on the cooler upwind side. Only slight warming is observed on track 5 (see Fig. 1 for the track labeling) at this time; 45 min earlier (ladder 3) this track witnessed more significant warming. More important for the present study is the cool anomaly in the SW corner of the ladder pattern, both observed and modeled. As will be shown later, much liquid water and snow growth occur in this region.
The model vertical velocities correspond well with the observed values (Fig. 7) , since the vertical velocity is dominated by terrain-driven gravity waves. Modeled lee subsidence is obvious, starting just upwind of the crest of the Medicine Bow Range and other smaller mountains nearby. Modeled subsidence is slightly stronger than observed along track 5, at least during this ladder pattern (number 4). The strong model updrafts further downwind are associated with the hydraulic jump. The sharp vertical velocity variations in the lee indicate shear-driven turbulence. The hydraulic jump and associated turbulence may have been present at the time of TABLE 2. Sounding parameters of CSFR-driven 900-m non-LES, the 300-m LES, and the 100-m LES, compared with the Saratoga radiosonde (OBS). The wind speed U, the Froude number Fr, the bulk Richardson number Ri, and the wind shear S represent averages between the surface (10 m AGL) and the elevation of Medicine Bow Peak. For Brunt-Väisälä frequency N ds , we use the dry (moist) value below (above) the cloud base (defined as the LCL). The Froude number is calculated as U divided by N ds and by the height H of the mountaintop above the sounding site in Saratoga. The Richardson number is N 2 ds /S 2 , where S is the magnitude of the shear vector between the surface (10 m) and mountaintop level. The quantity T* is the temperature at the LCL. The observed LCL and N ds calculations start at 100 m AGL because of a radiosonde temperature bias when the radiosonde lacks ventilation (i.e., near release time).
Parameter OBS ladder 4 downstream of track 5. Much weaker updrafts are present in the model over the upwind valley and foothills (Fig. 7) , consistent with the cool anomaly. These are important for snow growth. The relationship between flight-level observed and modeled w and u is explored further in Table 3 , for all individual tracks. If the vertical velocity and u fields were purely turbulent (meaning that the spectrum of these fields is well behaved in the inertial subrange), there would be no correlation between collocated model and point observations: validation would have to be done in terms of distributions, for example, spectral power (e.g., Xue et al. 2014 ). On the other hand, a good correlation can be expected in terrain-forced gravity wave flow, if the model accurately captures the upstream wind profile and stratification, which it does (Fig. 4) . The high correlation coefficients indicate that terrain-forced gravity waves dominate w and u variations along the upwind tracks especially track 1. The r values listed in Table 3 generally are statistically significant, as there is just a 0.1% FIG. 6 . Potential temperature at 4.25 km MSL according to the 100-m-resolution LES at 1940 UTC (color field) and according to UWKA measurements (ladder pattern 4, centered at the same time). The black contours are terrain heights from 2.0 m to 3.5 km with a 0.5-km interval. and 10% chance that the correlation coefficient for unrelated variables exceeds 0.164 and 0.082, respectively, for the number of pairs in this comparison. The lack of correlation for track 5, located in the lee, indicate that nonlinear flow and turbulence dominate there. The model variances in u and w are larger than observed along track 1, indicating a greater-than-observed gravity wave amplitude. The observed and modeled variance is smaller further downwind over tracks 3-5 as the wave amplitude is smaller and no wave breaking has occurred yet. The model's warm bias is evident in all tracks.
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d. Orographic cloud liquid water
Model glaciogenic seeding efficacy is very sensitive to liquid water content (LWC), which in turn is quite sensitive to orographic flow dynamics and the microphysical parameterization as will be explained in Part II. Therefore we validate model LWC. We first compare the slant-path LES LWP with the radiometer LWP. The radiometer was aimed toward the mountain in two directions, east (808) and southeast (1358), at a 98 elevation angle. The model output is computed along the FIG. 7 . As in Fig. 6 , but for vertical velocity. The airborne gust probe measurements are surrounded by a thick black contour to improve clarity.
same slant path, not a vertical integral above Cedar Creek. But both model and observed values are expressed as a vertical integral (i.e., equivalent water depth; units mm). The radiometer data have a 1-min sampling interval. They were averaged over 5 min to be consistent with model data examined at a 5-min interval (Fig. 8 ). Even so, we cannot expect the individual LWP spikes to match because of PBL turbulence and the sensitivity of liquid water to PBL updrafts above cloud base. The radiometer LWP decreased about 50% during SEED (1815-2015 UTC) east of Cedar Creek, but slightly increased to the southeast, consistent with a veering of the surface wind at Saratoga between 1800 and 1900 UTC. But both 300-and 100-m LES runs show a no significant trend during SEED, in both radiometer beam directions, because the model does not reproduce the observed wind shift. On average the model LWP in the two directions is less than the observed values over the period shown in Fig. 8 , even though the model overestimates low-level relative humidity (Fig. 4) . The radiometer measurements are somewhat uncertain (Ware et al. 2003) .
The supercooled LWC measured at flight level is less uncertain because there are three independent LWC measurements. They are the Forward Scattering Spectrometer Probe (FSSP) bin-integrated LWC, the Gerber LWC, and the Droplet Measurement Technologies (DMT)-100 hotwire LWC. The Gerber and FSSP LWC estimates agreed well on this flight, with correlation coefficient of 0.82. The averaged values of FSSP and Gerber probes are used as observation. The comparison between observed and modeled LWC at flight level (Fig. 9) shows that liquid water is found mostly near the southwest part of the ladder pattern, where upstream ascent (Fig. 7) and lower temperature (Fig. 6) prevail. The highest LWC values are observed near the turn connecting tracks 3 and 4, consistent with modeled LWC. However, the model has no liquid water over higher terrain (above 3.0-km elevation), inconsistent with observations. Also, the model orographic cloud became shallower over time, as discussed below. In fact, the comparison shown in Fig. 9 is possible only for the first ladder because the model storm intensity decreased rapidly afterward.
e. Vertical velocity patterns
An example transect of WCR-measured hydrometeor vertical velocity is shown in Fig. 10a , for track 4 on ladder 2. The wind is mostly out of the page of this transect, but there is an along-transect wind component from left to right (counterclockwise of 3098) below ;3.5 km, according to the sounding (Fig. 4) . Finescale structures are evident in the lowest 0.5-1.0 km above the surface in the WCR transect. Both shear-induced transient turbulence and terrain-driven eddies can be seen in this layer. Terrain-driven eddy dipoles can be seen just to the right of the highest terrain, and across a hill at the far right (northeast) side in Fig. 10a . They were present also in the three other passes over track 4 (not shown). A spectral density analysis of WCR vertical velocity as function of height, as in Geerts et al. (2011) , shows that the finescale vertical motions near the ground represent the inertial subrange, although punctuated by terrain-forced frequencies. The highest frequencies (shortest wavelength) resolved within the inertial subrange depend on the radar resolution. Smoother, wavelike vertical motions can be seen above the boundary layer (Fig. 10a) . Subsidence prevails, because track 4 is located close to the crest of the Medicine Bow Range (Fig. 1) , and airflow aloft plunges into the lee above the crest, as revealed by the along-wind WCR transect (Fig. 5) .
The 100-m LES rendition of this transect is shown in Fig. 10b . Here vertical air motion is shown, hence the display color changes at 0 m s
21
, whereas in Fig. 10a the color changes at 21 m s 21 to facilitate the comparison, assuming a first-order guess hydrometeor fall speed of 1 m s
. The 100-m LES nicely captures the terrainforced eddies, for example, in the same two places TABLE 3. Validation of flight-level vertical velocity w and potential temperature u for the five tracks shown in Fig. 1 . Shown are the average and standard deviation (std dev) for the 100-m LES simulation and for observations, and the correlation coefficient r between collocated model on observed values. The variables are computed for each ladder separately, and then averaged. mentioned above. The horizontal resolution of the WCR is an order of magnitude better than the model's, so the model does not capture the smaller turbulent eddies seen by the WCR. Nevertheless, the correspondence is rather good. The 100-m LES also shows subsident flow aloft, associated with a windward-tilting gravity wave. This subsidence is strongest just to the right of the highest terrain, consistent with Fig. 7 .
Model validation of radar reflectivity changes a. Reflectivity and precipitation rate
Instantaneous surface snowfall rate is very difficult to measure (Rasmussen et al. 2012) . Numerous studies have established relationships between radar reflectivity Z and precipitation rate R. In effect near-surface reflectivity is a good surrogate measure of surface snowfall rate. WCR reflectivity is dominated by ice crystals in mixed-phase clouds, rather than the much smaller cloud droplets, because of the sixth-order dependence on diameter for Rayleigh scattering. But at W band (3-mm wavelength) large hydrometeors (larger than ;0.8 mm) scatter in the Mie regime. Mie scattering is complex and highly dependent on crystal shape, orientation, and size distribution, but, in general, the number concentration becomes more important, and the diameter less important, relative to Rayleigh scattering. Nevertheless, data from in situ precipitation particle ) and R (mm h 21 ) at W band Pokharel and Vali 2011) , consistent with theory (Matrosov 2007) . The relationship used here is from Pokharel and Vali (2011) :
The Mie scattering effect tends to reduce reflectivity relative to centimeter-wave radars for larger particles. Thus model reflectivity, computed from rain, snow, and graupel mixing ratios and parameterized size distributions (Thompson et al. 2004; assuming Rayleigh scattering, cannot be compared directly in value to WCR reflectivity, but patterns and trends can be compared, and the radar-based precipitation rate from Eq. (1) can be compared with model precipitation rate. Thus radar reflectivity is the main tool to detect the seeding effect. 
b. Observations
The earliest UWKA pass over track 4 (Fig. 11a) shows a high reflectivity band intersected by the mountain, suggesting optimal snow growth at this level (;3.5 km MSL). The temperature at this level (2138C) suggests growth by vapor deposition. In all transects reflectivity is elevated on the southwest side, but near the surface on the northeast side, indicating that the southwest side is mostly upwind of the crest, and the northeast side in the lee, as mentioned in section 4e. The near-surface reflectivity is higher during the last two passes in the snow growth region to the left of the mountaintop. Three AgI generators, located ;11 km into the page for these cross sections, were in operation at this time (SEED). The observed increase in reflectivity downwind of the AgI generators, in particular the leftmost generator located close to an area of high observed cloud liquid water (section 4d), can be due to natural causes rather than AgI seeding.
To examine precipitation changes across the ladder pattern flown four times on the 18 February 2009 flight, we examine frequency-by-altitude diagrams (FADs) (Yuter and Houze 1995) of WCR reflectivity. Specifically, we contrast target tracks (2-5) against the control track (track 1) during NOSEED and SEED (Fig. 12) . The reflectivity FADs are constructed as in Geerts et al. (2010) . The vertical axis is expressed as above ground level. All counts are normalized, so FADs based on different sample sizes can be compared with each other. The ''data presence'' line indicates the fraction of bins with reflectivity values above a range-dependent threshold at each height level. The depression in the data presence line between 1.0 and 1.5 km AGL is due to the radar blind zone centered at flight level (Fig. 11) .
The highest frequencies in the top four panels of Fig. 12 are near the surface, confirming that the precipitation is shallow. In all four panels the mean reflectivity increases toward the ground, indicating low-level snow growth, although there may be some sublimation (or particle breakup) in the lowest 300 m above the surface, especially along the control leg. There are some apparent differences near the surface between SEED and NOSEED reflectivity FADs of target and control tracks. Positive differences in Fig 12c indicate more counts during SEED. A higher frequency of larger reflectivity (.8 dBZ) and lower frequency of smaller reflectivity during SEED is evident in the lowest 1.0 km AGL of the difference FAD for the target tracks.
The mean reflectivity in the lowest 1.0 km is about 1 dBZ greater during SEED: the solid line in Fig. 12c is to the right of the dashed line. This implies that snowfall was ;14% heavier during SEED, according to Eq. (1). A control track was flown quasi-simultaneously upwind of the AgI generators. The difference FAD for the control track (Fig. 12f ) reveals an opposite low-level dipole compared to the one for the target tracks, that is, a decrease in precipitation near the surface. If we assume that the natural evolution is the same over the control and target tracks, then we can conclude from these two FAD difference plots that even though the low-level snowfall rate was weakening during SEED, a ''positive'' seeding effect is observed, in magnitude larger than the net difference near the surface seen in Fig. 12c . Above 1 km AGL (beyond the reach of the surface-based AgI seeding) the difference FADs are fairly similar, suggesting that natural changes between NOSEED and SEED periods indeed are rather uniform across the ladder pattern. Still, the assumption of uniform natural evolution at low levels in the entire domain from track 1 to track 5 over the 3.5-h period remains unproven and impossible to validate with the available data.
c. Simulations
The reflectivity transects derived from the 100-m LES run along track 4 in Fig. 13 can be compared with timematched WCR transects (Fig. 11) . The model storm depth and near-surface reflectivity steadily decreased along track 4, especially from the first to the second pass. Values as high as 30 dBZ are found up to 4 km MSL on the left (inflow) side in the earliest transect. The highest values are near 3.5 km MSL, as observed. The storm becomes shallower than observed during the last three passes and weakens, especially on the left side, in disagreement with WCR observations (Fig. 11) .
The three AgI generators are switched on in the 100-m LES at the time this occurred in reality, leading to a parameterized interaction of AgI nuclei with cloud, as discussed in section 3. Model reflectivity is not enhanced near the ground around the downwind projections of the AgI generators during the SEED period (Figs. 13c,d) . Maybe a small region of elevated reflectivity is present in Fig. 13c , near the ground downwind of the leftmost Table 2. generator, which is most likely to have an impact because of the high LWC there (Fig. 8) .
Model reflectivity FADs are plotted in the same manner as WCR reflectivity (Fig. 12) , for matching locations and times, in Fig. 14 . The 100-m LES simulated reflectivity data were extracted over a domain bounded by tracks 2 and 5 (target), and over an ;4-km-wide belt centered at track 1 (control), both during the NOSEED and SEED periods. The hydrometeor diversity during NOSEED (Figs. 14a,d ) reasonably matches WCR observations (Figs. 12a,d ) but the LES reflectivity distribution is broader, and there is no evidence of low-level sublimation, not even in the control region, consistent with the model's lower-than-observed LCL (Table 2) . Not surprisingly, the model precipitation near track 1 tends to be weaker than over the mountain (tracks 2-5), as observed. As expected from Fig. 13 , the storm depth and intensity are much less during the SEED period, both in the control and target regions (Figs. 14b,e) . The strong dipole in Figs. 14c,f reflects this weakening from the SEED to the NOSEED period. The mean reflectivity vertical profiles for NOSEED and SEED periods in Figs. 14c,f indicate the reflectivity decreased more in the control area than in the target area. In fact the near-surface precipitation rate decreased by 1.3 orders of magnitude in the control area, but by just half an order of magnitude in the target area, according to a typical Z-R relationship (Z 5 200R 1.6 ; e.g., Rasmussen et al. 2003 ) (The actual model surface precipitation rate will be explored in Part II.) This can be interpreted as a ''differential'' positive seeding signal, if we can assume that the natural storm changes are uniform over the entire domain: the natural storm weakening is slowed down by seeding in the target (Figs. 14c,f) . Indeed, the treated minus untreated (TRTD 2 CTRL) differential reflectivity FAD shows a positive dipole in the PBL (the lowest 0.5-1.0 km) in the same target region, but, as expected, no change in the control region (Fig. 15) . The TRTD 2 CTRL comparison is based on identical time periods (the SEED period), but one simulation with the AgI generators on, the other without any seeding.
Discussion
The difference in near-surface mean reflectivity due to AgI seeding (TRTD 2 CTRL) is a mere 0.8 dBZ FIG. 13 . As in Fig. 11 , but for the 100-m LES computed radar reflectivity along track 4, at times corresponding to the four WCR reflectivity transects (Fig. 11 ).
( Fig. 15a) corresponding to a 12% precipitation increase according to the above Z-R relationship. Yet the near-surface SEED-NOSEED difference in the target region, a nonsimultaneous comparison, is 28 dBZ (Fig. 14c) , corresponding to a .300% precipitation rate decrease. In other words, natural precipitation variability overwhelmed the seeding signal in this case. The storm intensity was steadier in the period starting 1-3 h before the start of the aircraft-determined NOSEED period. We evaluated hypothetical SEED-NOSEED comparisons of the same duration but with an earlier start time using the 100-m LES model output, but none had near-surface mean reflectivity change below 2.0 dBZ. In other words, the model suggests that natural variability (SEED 2 NOSEED) always overwhelms the seeding signal (TRTD 2 CTRL) in this case. The WCR-observed FIG. 14. As in Fig. 12 , but using the 100-m-resolution WRF LES data at matching locations and for approximately matching times. Thus (c) and (f) show a nonsimultaneous comparison. The precipitation rate in (c) and (f) is based on a Z-R relationship.
changes (SEED 2 NOSEED) are rather small in the target region (Fig. 12) , and while the storm weakened somewhat at upper levels, a positive reflectivity change was observed in the PBL (Fig. 12c) . This low-level reflectivity change was only 11 dBZ, about the same as the magnitude of change expected from ground-based AgI seeding, according to the 100 m LES (Fig. 15) . That may be a mere coincidence. The low-level storm weakening in the control region (Fig. 12f ) may suggest that the seeding impact is actually stronger: if we assume that natural changes are spatially uniform across the mountain, then one can argue that the seeding impact in the target area is closer to 13 dBZ, that is, a reflectivity change of 11 dBZ in the target area relative to a 22-dBZ change in the control area. But the 100-m LES indicates that natural differences between the two periods (SEED 2 NOSEED without any seeding in either period) are not spatially uniform (not shown, but very similar to Figs. 14c,f) ; in other words, the ''control'' member is not a good control. This case study then provides tentative answers to the two questions posed in the introduction: first, the seeding-induced changes appear small in comparison with natural precipitation variability. Second, the observed changes in a nearby control (untreated) area may not be representative of natural changes in the target (treated) area. Still, we are hopeful that progress can be made in detecting an impact of AgI seeding on cloud and precipitation through a synergy of high-resolution cloud-resolving LES simulations with a series of complementary in situ and remote measurements. The model output can be explored to understand the cloud processes leading to changes in snow growth within the model world and to confine the parameter space of effective seeding conditions (as will be done in Part II, for the 18 February 2009 case). The observations may yield further insight into physical processes whose representation in the model may be inadequate (e.g., validation of LWC), or into processes not represented at all in the model (e.g., blowing snow; Geerts et al. 2011) .
Cases have to be selected carefully, ensuring relatively steady atmospheric and storm conditions. Datasets similar to the one presented in this paper have been collected for a total of 24 cases between 2008 and 2013 over both Medicine Bow and adjacent Sierra Madre ranges in Wyoming (Geerts et al. , 2013 . Several other cases, with different ambient and storm conditions, will be examined using a combination of highly resolved remotely sensed data and simulations.
Conclusions
Profiling airborne radar data collected on 18 February 2009 over the Medicine Bow Range in Wyoming are used to validate numerical simulations of the impact of ground-based glaciogenic seeding on cloud and precipitation in a shallow orographic winter storm. The WRF model is used in LES mode, with an inner domain resolution of 100 m, in a domain covering the mountain range (;80 km). A glaciogenic cloud seeding parameterization is coupled with the Thompson microphysics scheme (Xue et al. 2013a) . Modeled ambient and storm conditions during the flight differed depending on the dataset used for initial and boundary conditions; the dataset whose 900-m non-LES model output verifies FIG. 15 . WRF LES reflectivity difference FAD for the simulation with AgI seeding vs that without AgI seeding (i.e., treated 2 untreated, a simultaneous comparison): (a) target tracks 2-5 and (b) control track 1. best in terms of upwind stability and wind profiles, LWP, and surface precipitation is then used for LES simulations down to 100 m.
The 100-m LES model compares relatively well to the more resolved radar vertical velocity and reflectivity in vertical transects across the mountain, along and across the low-level wind direction. The modeled storm vertical motion over the mountain reveals a turbulent boundary layer, 0.5-1.0 km deep, and gravity waves above the PBL, both as observed. The storm structure also validates well, but the model storm dissipates more rapidly than observed by radar. The WCR reflectivity FADs show a positive seeding effect in that near-surface reflectivity increases downwind of the AgI generators, both in absolute terms and relative to the upwind change, which is negative; that is, the low-level snowfall rate decreases in the control region upwind of the AgI generators. Time-and space-matched model reflectivity FADs do confirm this positive seeding effect in a relative sense (relative to the upwind change) but not in an absolute sense. In this case the modeled storm intensity decrease overwhelms the seeding effect, which can be isolated in the model. Thus this case study illustrates that the verification challenge largely comes down to the detection of a relatively small signal in the noise of natural variability, even at small time and space scales, precisely as stated in Garstang et al. (2005) .
